Abstract-In this paper, we present a comparative computational study on strain effects in Si nanostructures including bulk, thin film, and nanowire configurations. We employed a first principles calculation to identify the bandstructure parameters such as band splitting energy and transport effective mass. As a result, we found that bulk Si and Si thin film have similar strain effects on the bandstructure parameters under uniaxial 110 strain. Particularly, the effective mass reduction of electrons due to uniaxial 110 strain is expected even in Si thin film. On the other hand, Si nanowire structure with nanoscale cross section has lighter transport effective mass than the other structures, regardless of the amount of uniaxial strain.
I. INTRODUCTION
A S THE SIZE of Si-MOSFETs shrinks down to the nanometer scale, new device technologies such as mobility enhanced channels and multigate architectures are strongly needed to realize advanced CMOS devices. Among them, strained-Si channel engineering, which includes the choices of surface orientations, channel directions, strain configurations, and channel materials are recently becoming more important [1] . Particularly, uniaxial strain can be more effective than biaxial strain in increasing the current drive of short-channel devices, because of the effective mass reduction of holes [2] , [3] and even electrons [4] . On the other hand, device structures with new gate configurations are preferred to provide better electrostatic control than the conventional planar structures. Thus, ultrathin-body channels and Si nanowire channels with multigate or gate-all-around structures are highly expected.
So far, the effective mass reduction of carriers by applying uniaxial strain has been experimentally demonstrated for bulk- [2] - [4] and ultrathin-body SOI MOSFETs [4] . Understanding of physical mechanisms for such an effective mass reduction in both p-and n-channel MOSFETs has progressed based on theoretical computational studies for bulk-Si MOSFETs [2] - [6] . For ultrathin-body structures, there are few theoretical reports discussing strain effects on the effective mass [7] , to Manuscript the best of our knowledge. However, to further scale down MOSFETs with desired higher performance, an introduction of the strain technology to Si nanostructure channels will be explored in the future.
In this paper, we study strain effects in Si nanostructures, i.e., 2-D thin film and 1-D nanowire, including bulk material. Under extreme scaling of MOSFETs, the number of atoms in the cross section becomes countable, and the consideration of crystal symmetry and bond orientation, in addition to quantum-mechanical confinement is important. Therefore, we employed a first principles method to identify the bandstructure parameters that greatly influence carrier transport properties. For Si nanowires, strain-induced modulation of bandgap and effective mass has been recently reported based on the similar first principles calculations, for various growth directions and cross-sectional shapes and sizes [8] - [10] . In this paper, we intend to highlight its unique strain properties of Si nanowires by comparing with those of bulk and 2-D thin film.
II. BULK SI
First, we present variations in energy splitting of conduction band edge and effective mass of electrons by applying biaxial and uniaxial strains to bulk Si. Fig. 1 shows the lattice models used in the calculation, where uniaxial strain is parallel to 100 and 110 directions, as shown in Fig. 1(b) and (c), respectively. The plane and directions parallel to strain are uniformly deformed from −1% to 1%, and the lattice constants perpendicular to the strain direction are carefully relaxed. All calculations were performed by using a first principles simulation package, VASP, where the electron-electron exchange and correlation interactions were treated within the generalized gradient approximation. The Kohn-Sham equation was solved by using a plane-wave basis set based on the ultrasoft pseudopotentials and projector-augmented-wave method [11] . Fig. 2(a) -(c) shows the calculated energy splitting of the conduction band edge ΔE C under biaxial, uniaxial 100 , and uniaxial 110 strains, respectively, where energy of the conduction band edge at unstrained condition was set to be zero. The insets show the schematic diagrams of six conduction band valleys on a Si (001) surface, numbered from 1 to 6, and also strain directions. As is well known, the strains cause band splitting of the sixfold degenerate valleys into the twofold (5, 6 ) and the fourfold (1, 2, 3, 4) valleys, as shown in Fig. 2 consistent with the previous results based on the empirical nonlocal pseudopotential method by Uchida et al. [4] and Ungersboeck et al. [6] . Fig. 3 shows the in-plane effective masses computed for the same strain conditions as in Fig. 2 . As Uchida et al. first demonstrated [4] , the m T reduction and enhancement are observed by applying uniaxial 110 strain, as shown in Fig. 3(c) . For comparison purposes, the computed m T values are compared with those of Uchida et al. [4] and Ungersboeck et al. [6] , as shown in Fig. 4 . It is found that the trend of effective mass modulation due to uniaxial 110 strain is the same for both methods, although the present first principles method predicts smaller variation in m T than the empirical nonlocal pseudopotential method. Therefore, the first principles approach might underestimate the performance enhancement of the strained-Si MOSFETs, and the details are under investigation. In the following sections, we examine the effects of uniaxial 110 strain on Si nanostructures.
III. SILICON 2-D FILM
Next, we present the calculated results for Si 2-D film. Fig. 5 shows the unit cells used in the calculation, where we only considered uniaxial strain parallel to 110 direction. Dangling bonds of surface Si's are terminated with hydrogen atoms, and vacuum layers with 0.4 nm thick are added above and below the structure. More realistic models sandwiched between two SiO 2 layers [12] will be applicable to bandstructure calculations under strain. Here, note that the axes in plane perpendicular to confinement direction are 110 and 110 in Fig. 5 . The Si thin film consists of five Si atomic layers, which corresponds to Si layer thickness of 0.54 nm. Therefore, electrons confined in the Si thin film are considered to be an ideal 2-D electron gas. Such an extremely scaled SOI-MOSFET with five Si atomic layers was successfully fabricated and its fundamental device operation was also reported [13] . In this paper, we investigate strain effects on such ideal 2-D electron gas. 6 shows the dispersion curves computed for the Si 2-D films, where uniaxial 110 strain is a) 1% compressive, b) 0%, and c) 1% tensile. Here, note that for all the three dispersions, the energy reference of the vertical axis was set to be the Fermi energy obtained in the case of unstrained Si thin film, to examine quantitative energy splitting of the conduction band edge due to strain as discussed later. From Fig. 6 , they have a conduction band minimum at the Γ point, which results from the k-space projection of the two ellipsoidal bands (5, 6) onto the 001 plane of quantization [14] . There are four more valleys residing off-Γ states (two in the positive and two in the negative k x axis) that result from the four off-plane ellipsoidal bands (1, 2, 3, 4) . The former Γ valleys appear at lower energies because of their heavy quantization mass and have lighter transport mass. On the other hand, the latter off-Γ valleys appear at higher energies because of the lighter quantization mass and have heavier transport mass. In Fig. 6 , we note that the twofold Γ valleys are split by the interactions between the two equivalent valleys, which is called "valley splitting [15] , [16] ." The valley splitting strongly depends on quantization, and the splitting energies in Fig. 6 are found to be far larger than thermal energy k B T . Furthermore, according to our calculation, Si thin film models sandwiched between two SiO 2 layers showed approximately twice larger valley splitting than the hydrogen-terminated model used in this paper [17] . Consequently, the valley splitting can be an important effect that influences, for instance, charge accumulation in ultrathin films and nanowires because the density-of-states at conduction band minimum decreases. Recently, this issue attracts much attention in perspective of I-V characteristics and ballistic injection velocity of Si nanotransistors [18] , [19] , and of developing Si light emitting devices [20] .
It is also found from Fig. 6 that uniaxial 110 strain causes band splitting between the Γ and off-Γ valleys in Si 2-D film. Then, we plotted the calculated energy splitting of the conduction band edge ΔE C , as shown in Fig. 7 , where the off-Γ valleys have much higher energies due to quantum confinement. We can see that the ground-state Γ valley moves up and down due to uniaxial 110 strain, while the off-Γ fourfold valleys are almost constant. Furthermore, Fig. 8 shows the in-plane effective masses of the ground-state Γ valley. It is found that the m T reduction and enhancement are expected to occur even in uniaxial 110 -strained Si thin film. Indeed, the electron mobility enhancement and reduction under uniaxial 110 strain has been observed experimentally in such ultrathin-body MOSFETs [4] , which is attributed to the m T change due to the uniaxial strain. Based on the above results, Si 2-D film is found to have similar strain effects as in bulk Si under uniaxial 110 strain.
IV. SILICON 1-D NANOWIRE
Finally, we present the calculated results for Si 1-D nanowire. Fig. 9 shows the simulation model of Si nanowire and its Fig. 9 . Simulation model of Si nanowire and its unit cell. Quantum confinement directions are 001 and 110 . The nanowire direction was chosen at 110 , because a higher current capability compared to other directions as 100 and 111 is expected [14] . Uniaxial strain was applied along 110 direction.
unit cell. As in the Si 2-D film, dangling bonds of surface Si's are terminated with hydrogen atoms, and the nanowire is surrounded by vacuum layers with 0.3 nm thick. Quantum confinement directions are 001 and 110 , and their dimensions are 0.94 and 0.77 nm, respectively. Therefore, electrons in the nanowire are considered to be an ideal 1-D electron gas. The nanowire direction was chosen at 110 , because a higher current capability compared to other directions as 100 and 111 is expected [14] . In addition, we have to add that relaxed nanowire is 3% stretched along the axis even in the unstrained condition, which agrees well with the previously reported theoretical results [9] , [21] . Then, uniaxial compressive and tensile strains were applied along 110 direction. Fig. 10 shows the dispersion curves computed for the 110 -oriented Si nanowires under (a) 1% compressive, (b) 0%, and (c) 1% tensile uniaxial strains, where the energy reference of the vertical axis for all the three dispersions is the Fermi energy in the case of unstrained Si nanowire. Overall features such as conduction band minimum and valley splitting at the Γ point are similar to the Si 2-D film, but furthermore the fourfold off-Γ valleys are found to be split by the valley interactions in the Si nanowire, which results from the k-space projection of the two ellipsoidal bands (1, 4) or (2, 3) onto the 110 plane of quantization [14] . Since the valley splitting depends on quantization, the splitting energies at the Γ point in Fig. 10 are quite larger than those in Fig. 6 for Si 2-D film.
Next, Fig. 11 shows the calculated energy splitting of the conduction band edge ΔE C . The strain dependence of the conduction band edge is quite similar to the Si 2-D film, although the off-Γ valleys indicate an opposite strain dependence to Fig. 7 . The strain dependence of off-Γ valleys in Fig. 11 is different from the previous study [9] , [10] . We think it is because we set the energy reference of all the dispersion curves at the Fermi energy in the case of unstrained Si nanowire. Indeed, when the energy offset is not corrected, the same strain dependence of off-Γ valleys as in [9] and [10] is obtained. Fig. 12 shows the in-plane effective mass of the ground-state Γ valley, which is also compared with bulk and 2-D film. It is found that the m T reduction due to uniaxial 110 tensile strain is not observed, but a smaller m T is predicted in the Si 1-D nanowire. The present results are consistent with those of [8] and [9] . The estimated transport mass is ∼ 0.13m 0 independently of strain, which is smaller by 32% than the bulk m T . Very recently, such a smaller mass has been reported for unstrained Si nanowires based on the empirical tight-binding band calculation, and its physical mechanism was clearly explained in terms of semianalytical construction of the nanowire dispersions by using the anisotropy and nonparabolicity in the Si conduction band Brillouin zone [14] . We apply that argument to explain why the effective mass of Si nanowire is independent of the strain, contrary to that of 2-D film as follows. Fig. 13 shows the energy contours in the k x -k y plane near the conduction band minimum of Si 2-D films under (a) 1% compressive, (b) 0%, and (c) 1% tensile uniaxial strains, where the confinement direction is 001 and the thickness L z is taken at 0.94 nm. Here, note that an extra quantization in the 110 -direction takes place in the present nanowire as indicated by the dashed lines that cross Fig. 13 at 45 • , where "cut" through the energy contours along those lines semianalytically forms 1-D dispersion curves of the nanowire [14] . In Fig. 13 , a line for L xy = 0.77 nm, which corresponds to the present nanowire quantization, and also lines for L xy = 1 nm, 2 nm, 4 nm, 10 nm, and ∞ (2-D film limit) are drawn for comparison. It is found that higher k xy region has larger curvature of the dispersion and is immune to uniaxial 110 strain. As a result, the effective mass of the nanowire becomes smaller than those of bulk and 2-D film, and also changes little by uniaxial 110 strains as found in Fig. 12 . However, as the structure becomes thicker in the 110 direction, the quantization line moves toward that of 2-D film limit, and its effective mass increases to the bulk transverse mass and a response to the strain is restored as well. The transition from the bulklike properties to the 1-D properties seems to occur when the thickness of the 110 direction becomes smaller than 2-4 nm in the present semianalytical description, but a further investigation based on a fully first principles analysis is necessary to clarify such 3-D-1-D transition behavior correctly, which is currently in progress. Leastwise, the 110 -oriented Si nanowire with nanoscale cross section is found to have the unique strain properties, unlike bulk and 2-D film.
V. CONCLUSION
We have studied strain effects in Si nanostructures based on the first principles calculation. We found that bulk Si and Si 2-D film have similar strain effects on the bandstructure parameters under uniaxial 110 strain. Particularly, the m T reduction due to uniaxial 110 strain is expected even in Si 2-D film. On the other hand, Si 1-D nanowire with nanoscale cross section has lighter m T than the others, although the m T change due to uniaxial 110 strain is not available. Therefore, 110 -oriented Si nanowire has higher injection velocity [14] , but it is likely that the decrease in the density-of-state due to the valley splitting may degrade the current capability. Furthermore, the lighter mass can cause a larger source-drain tunneling current at OFF-state of MOSFETs. Therefore, a quantum transport simulator considering the full-band bandstructures designed based on atomistic modeling will be required to assess the performance limits of Si nanowire transistors.
